McClung JM, Judge AR, Powers SK, Yan Z. p38 MAPK links oxidative stress to autophagy-related gene expression in cachectic muscle wasting. Am J Physiol Cell Physiol 298: C542-C549, 2010. First published December 2, 2009; doi:10.1152/ajpcell.00192.2009.-Oxidative stress is a primary trigger of cachectic muscle wasting, but the signaling pathway(s) that links it to the muscle wasting processes remains to be defined. Here, we report that activation of p38 mitogenactivated protein kinase (MAPK) (phosphorylation) and increased oxidative stress (trans-4-hydroxy-2-nonenal protein modification) in skeletal muscle occur as early as 8 h after lipopolysaccharide (1 mg/kg) and 24 h after dexamethasone (25 mg/kg) injection (intraperitoneal) in mice, concurrent with upregulation of autophagy-related genes, Atg6, Atg7, and Atg12. Treating cultured C2C12 myotubes with oxidant hydrogen peroxide (4 h) resulted in increased p38 phosphorylation and reduced FoxO3 phosphorylation along with induced Atg7 mRNA expression without activation of NF-B or FoxO3a transcriptional activities. Furthermore, inhibition of p38␣/␤ by SB202190 blocked hydrogen peroxide-induced atrophy with diminished upregulation of Atg7 and atrogenes [muscle atrophy F-box protein (MAFbx/Atrogin-1), muscle ring finger protein 1 (MuRF-1), and Nedd4]. These findings provide direct evidence for p38␣/␤ MAPK in mediating oxidative stress-induced autophagy-related genes, suggesting that p38␣/␤ MAPK regulates both the ubiquitin-proteasome and the autophagylysosome systems in muscle wasting. skeletal muscle; atrophy; cachexia SKELETAL MUSCLE ATROPHY OCCURS as a consequence of numerous pathological conditions, including cachexia and disuse (reviewed in Refs. 35 and 41). Cachectic muscle wasting is a complex process that proceeds via a rapid decline in protein synthesis and a large, sustained increase in protein degradation. In concert with other pathological and functional changes, such as decreases in mitochondrial function, capillary supply, and contractile force production, cachectic muscle wasting poses a profound negative impact on physical performance and metabolism resulting in diminished quality of life and increased mortality. Understanding the molecular and signaling mechanisms underlying cachectic muscle wasting is of critical value to improving survival and quality of life in these patient populations.
SKELETAL MUSCLE ATROPHY OCCURS as a consequence of numerous pathological conditions, including cachexia and disuse (reviewed in Refs. 35 and 41) . Cachectic muscle wasting is a complex process that proceeds via a rapid decline in protein synthesis and a large, sustained increase in protein degradation. In concert with other pathological and functional changes, such as decreases in mitochondrial function, capillary supply, and contractile force production, cachectic muscle wasting poses a profound negative impact on physical performance and metabolism resulting in diminished quality of life and increased mortality. Understanding the molecular and signaling mechanisms underlying cachectic muscle wasting is of critical value to improving survival and quality of life in these patient populations.
Many cellular signaling events contribute to skeletal muscle atrophy (20, 27, 37, 39, 43, 45, 50) , and research in these areas has begun to explore the molecular signaling responsible for tipping the homeostatic balance of protein metabolism toward proteolysis and suggested the importance of two major proteolysis systems: the ubiquitin-proteasome system (UPS) and the autophagy-lysosome system (ALS) (37, 43, 50) . In particular, activation of the forkhead box O (FoxO) class of transcription factors, which includes forkhead homolog 1 in rhabdomyosarcoma/ forkhead box O1 (FKHR/FoxO1), forkhead homolog in rhabdomyosarcoma like 1/forkhead box O3 (FKHR-L1/FoxO3), and AFX/FoxO4 (43) , leads to enhanced expression of the musclespecific ubiquitin ligases in the ubiquitin-proteasome-dependent protein degradation process (37, 43) as well as the autophagyrelated genes in the autophagy-lysosomal proteolytic process (27, 50) . These findings present FoxO-mediated gene regulation as a nodal point of the two major proteolytic systems in atrophying skeletal muscle. Of course, many other signaling pathways, such as the NF-B and the p38 MAPK pathways, have also been shown to be functionally involved in cachetic muscle wasting (6, 9, 14, 25, 46, 47) . However, the precise mechanisms of each of the signaling pathways and the interrelationship among them in the process of cachectic muscle wasting remain to be fully defined.
Oxidants, free radicals and their derivatives, including hydrogen peroxide (H 2 O 2 ), superoxide (O 2 Ϫ ), hydroxyl radical (·OH), and peroxynitrite (ONOO Ϫ ), play important roles in the initiation and progression of skeletal muscle atrophy in various diseases or inactivity states, and administration of antioxidants attenuate myofiber atrophy in both disease and disuse models (29, 33, 40) . A few studies have suggested that the p38 MAPK pathway mediates oxidative stress-induced muscle-specific E3 ligase muscle atrophy F-box protein (MAFbx) gene expression and ubiquitin-conjugating activity in skeletal muscle (18, 25) , but its role in the autophagy-lysosome system has not been investigated. It is particularly intriguing that oxidative stress-induced activation of p38 MAPK signaling and upregulation of the downstream genes in ubiquitin-proteasome system-mediated protein degradation appears to be independent of the NF-B and the FoxO pathways (9, 18) . These findings raised the possibility that there is also a link between oxidative stress and the autophagy-lysosome system-mediated protein degradation through the p38 MAPK pathway.
We designed this study to examine in detail whether cachectic factor-induced activation of the p38 MAPK signalingtranscription cascade contributes functionally to the oxidative stress stimulated atrophic process. We specifically tested the hypothesis that cachectic factor mediated-activation of the p38 MAPK pathway induces skeletal muscle wasting through transcriptional upregulation of autophagy-related genes.
METHODS
Experimental animals. Male C57BL/6 mice (8 -9 wk old) from the Jackson Laboratory (Bar Harbor, ME) were maintained in light-(12:12-h light-dark cycle) and temperature-controlled quarters (21°C) provided with water and chow (Purina, Richmond, IN) ad libitum. Animals were injected intraperitoneally (ip) with Escherichia coli LPS (1 mg/kg; Sigma, St. Louis, MO) or normal saline 8 h, or dexamethasone (Dex; 25 mg/kg; Sigma) or normal saline 24 h before being euthanized humanely by isoflurane-induced anesthesia and cervical dislocation. LPS and Dex injection did not result in morbidity or mortality for the time point utilized. At the end of the experiment, oxidative soleus and glycolytic white vastus lateralis muscles were harvested for further analyses. All animal protocols were approved by the Duke University Institutional Animal Care and Use Committee.
Assessment of oxidative stress. 4-HNE (C9H16O2) is an ␣,␤-unsaturated hydroxyalkenal which is produced by lipid peroxidation in cells (42) . 4-HNE modification of proteins was analyzed by Western blotting as described (5) as an indicator of oxidative damage in skeletal muscles.
Myogenic cell line. Myoblasts derived from mouse skeletal muscle (C2C12 cells; American Type Culture Collection, Rockville, MD) were cultured on six-well dishes in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% newborn calf serum, 1% penicillin-streptomycin, and 0.1% fungizone at 37°C in 5% CO2 until 80% confluence was reached as visualized by light microscopy. Myotube differentiation was then initiated by replacing the growth medium with differentiation medium: DMEM supplemented with 2% heat-inactivated horse serum, 1% penicillin-streptomycin, and 0.1% fungizone at 37°C in 5% CO2 for 7 days. The muscle cells were examined for evidence of myotube formation by light microscopy. Hydrogen peroxide treatment of C2C12 cells involved dilution in differentiation media to final desired concentrations and standard incubation (37°C in 5% CO2). H2O2-treated media were replaced at 12-h intervals for incubation times Ͼ12 h. Dex treatment of C2C12 cells involved dilution in differentiation media to final desired concentration (10 M) and standard incubation (37°C in 5% CO2) for 24 h as previously described (43) .
Myotube atrophy. Morphological analysis for myotube diameter was performed as previously described (30) with the following modifications. Briefly, images of myotubes after the appropriate treatment were obtained via phase contrast at ϫ100 magnification on an inverted microscope (Carl Zeiss Axiovert 200) camera system. The diameters were measured in ϳ100 myotubes from at least 10 random fields, a number chosen by determination of no additional change in standard deviation, using computerized image analysis (Scion Image, Frederick, MD). Each myotube analyzed was measured at three points along the length of the myotube in a blinded fashion, and results are expressed as percentage of the control treatment diameter.
Transient transfection and luciferase reporter gene analysis. The NF-B-GL3 reporter plasmid was obtained from Dr. Steffan Ho and the Foxo3a-GL3 reporter was obtained from Dr. Alex Toker (Beth Israel Deaconess Medical Center, Boston, MA). Both have been previously used and described (19, 39) . Plasmid DNA was prepared and isolated using an Endotoxin-Free Maxi or Mega Prep Kit (Qiagen, Valencia, CA). Differentiating myotubes (Day 3) were transiently transfected in six-well plates using Lipofectamine 2000 (Invitrogen), according to the manufacturer's instructions as previously described (28) . Briefly, firefly luciferase and Renilla luciferase control plasmid DNAs were diluted in Opti-MEM and transfected using Lipofectamine 2000 reagent. The diluted Lipofectamine 2000 reagent was incubated for 5 min and then added to the DNA mixture at a final volume of 500 l per well. The lipid/plasmid mixtures were allowed to complex for 20 min during which the cells were rinsed twice with Opti-MEM and bathed in a final volume of 2 ml Opti-MEM per well. The lipid:plasmid complexes were then applied to the cells (final transfection volume of 2.5 ml). Separate experiments were performed using equivalent amounts of lipid reagent and empty vector DNA. Cultures were rocked every 2 h for the initial 6 h of incubation and incubated with the transfection mixture for a total of 24 h. After 24 h, transfection medium was removed and replaced with fresh differentiation medium. Cultures were maintained for an additional 72 h before H2O2 treatment (total of 7 days of differentiation). Following cell lysis in a passive lysis buffer (Promega, Madison, WI) and centrifugation for 20 min at 5,000 g, 20 l of the supernatant was added to 100 l of luciferase reagent (Promega) for determination of total cell luciferase activity as corrected for Renilla luciferase activity, using an LMax II microplate luminometer (Molecular Devices, Sunnyvale, CA). Reporter gene activities are presented as relative light units, corrected for Renilla luciferase activity.
Western blot analysis. Upon completion of the appropriate incubation time, cells were rinsed twice in ice-cold 1ϫ PBS and scraped for protein isolation in 130 l nondenaturing lysis buffer (1% Triton X-100, 300 mM NaCl, 50 mM Tris-base, 5 mM EDTA, 3.1 mM sodium azide, 95 mM NaF, and 22 M Na 3VO4), vortexed, incubated at 4°C for 25 min, and centrifuged at 1,000 g for 5 min. The supernatants were subsequently assayed for protein using the Bradford method (Sigma). Whole muscle homogenates or cellular lysates were separated by polyacrylamide gel electrophoresis and transferred (100 V for 3 h at 4°C) to nitrocellulose membranes for Western blotting. As verification of equal loading and transfer, the resulting membrane was stained with Ponceau S as well as probing for ␤-actin as loading references. Membranes were then probed for 4-HNE RNA isolation and real-time PCR analysis. Cells harvested for RNA isolation were rinsed twice in ice-cold 1ϫ PBS and scraped in TRIzol Reagent (Life Technologies, Carlsbad, CA), according to the manufacturer's instructions. Total RNA (5 g) was then reverse transcribed using the Superscript III First-Strand Synthesis System for RT-PCR (Life Technologies) using oligo(dT)20 primers and the protocol outlined by the manufacturer. cDNA (1 g) was added to a 25-l PCR reaction for real-time PCR using Taqman chemistry and the ABI Prism 7000 Sequence Detection System (ABI, Foster City, CA). Quantitative analysis of gene expression in C2C12 cells was performed using the comparative computed tomography method (ABI, User Bulletin no. 2). This method uses a single sample, the calibrator sample (hprt; GenBank NM_013556.2), for comparison of every unknown sample. ⌬⌬CT [⌬CT(calibrator) Ϫ ⌬CT(sample)] was then calculated for each sample, and relative quantity was calculated as 2⌬⌬CT. Hypoxanthine-guanine phosphoribosyltransferase (Hprt), an enzyme involved in purine catabolism, was chosen as the reference gene based on initial experiments showing unchanged expression with our experimental manipulations. Fivefold dilution curves were assayed on selected samples to confirm the validity of this quantitation method for each gene. MAFbx (NM_026346.2), muscle ring finger protein 1 (MuRF-1; NM_001039048.2), Nedd4 (NM_010890.3), Atg7 (NM_028835.3), Bnip3 (NM_009760.4), Bnip3L (NM_009761.3), and Maplc3b (NM_026160.4) mRNA transcripts were assayed by using predesigned mouse primer and probe sequences commercially available from Applied Biosystems (Assays-on-Demand).
Statistical analysis. A priori analysis was utilized to determine differences between in vivo fiber types at baseline. For comparisons between two groups within the fiber type, Student's t-test was performed. Comparisons between the in vitro treatments were made by a one-way analysis of variance, and, when appropriate, a Tukey honestly significant difference test was performed post hoc. Significance was established at P Ͻ 0.05 for all the experiments in this study. Values are reported as means Ϯ SE.
RESULTS

Endotoxin induces oxidative stress and p38 MAPK activation.
Our previous findings suggest that endotoxin challenge leads to increased oxidative stress in skeletal muscle with enhanced protein carbonylation in glycolytic muscles (48) . Here, we assayed 4-HNE protein modification by Western blot as a measure of skeletal muscle oxidative stress and found that less 4-HNE modification of muscle protein in glycolytic muscle versus oxidative muscle at baseline, but LPS injection increased 4-HNE protein modification in both soleus (ϩ129%) and white vastus lateralis (ϩ309%) skeletal muscles (Fig. 1A) .
Since the p38 MAPK pathway has been implicated in mediating oxidative stress-induced muscle-specific E3 ligase MAFbx gene expression and ubiquitin-conjugating activity in skeletal muscle (18, 25) , which could occur in a fiber typespecific manner (48), we investigated p38 MAPK signaling in glycolytic and oxidative skeletal muscles from endotoxin (LPS, 1 mg/kg ip)-treated mice utilizing an abbreviated time frame (8 h). We measured the relative phosphorylation of p38 in skeletal muscles (presumably ␣/␤-and/or ␥-isoform) and found that phosphorylation of p38 increased in both glycolytic white vastus lateralis muscle (ϩ82%) and oxidative soleus muscle (ϩ41%) compared with control mice injected with saline (Fig. 1B) . Body weight and muscle weight (soleus, plantaris, and gastrocnemius) did not show any significant differences from the values in the control mice injected with saline, demonstrating that the time frame chosen is early in the atrophic process before the actual development of muscle atrophy (not shown). To verify whether the p38 MAPK pathway is activated in response to other cachectic stimuli, mice were also injected with Dex (25 mg/kg ip) or saline, and the relative phosphorylation of p38 was analyzed 24 h after the injections. Dex induced p38 phosphorylation in the white vastus muscle (ϩ38%) as compared with no alteration the soleus (Fig. 1C) .
Endotoxin induces enhanced expression of autophagy-related genes and protein ubiquitinylation in both glycolytic and oxidative muscles. The autophagy-lysosome system functions in degradation of membrane and extracellular imported proteins, damaged organelles (macromolecular autophagy), and other cellular cytoplasmic proteins (38) with critical proteolytic role in the progression of muscle atrophy (2, 27, 50) . To begin to understand whether oxidative stress enhances autophagyrelated gene expression in cachectic muscle wasting, we analyzed the abundances of several autophagy-related proteins by Western blot. Basal levels of autophagy related proteins, Atg6 (Beclin-1), Atg7, Atg12, were generally lower in glycolytic skeletal muscle versus oxidative skeletal muscle except for Bnip3. LPS injection resulted in significantly increased expression of Atg7 in both oxidative (ϩ30%) and glycolytic (ϩ50%) muscles and similar degrees of induced expression of Beclin-1 and Atg12 (Fig. 2A) .
Enhanced expression of E3 ubiquitin ligases and consequently protein ubiquitinylation are key steps in muscle wasting (18) . We have previously shown that LPS injection induces greater expression of E3 ubiquitin ligases expression in glycolytic than oxidative muscles (48) . To further confirm that endotoxin challenge induces protein ubiquitinylation, we performed Western blot and showed that the relative level of protein polyubiquitinylation increased in both oxidative (ϩ16%) and glycolytic (ϩ35%) skeletal muscles (Fig. 2B) .
Hydrogen peroxide induces early activation of the p38 MAPK and FoxO3 pathways in myotubes. Our collective findings of enhanced activity of stress signaling cascades by endotoxin administration in both oxidative and glycolytic skeletal muscles prompted us to investigate cultured muscle cells to determine the temporal relationship of the signal transduction pathways in atrophying skeletal muscle. We subjected differentiated myotubes to oxidant, hydrogen peroxide, followed by Western blot analysis to determine the relative activation of both p38 and FoxO3a proteins. Phosphorylation (activation) of p38 increased with 4-h H 2 O 2 treatment and decreased with prolonged exposure (Fig. 3A) . The relative phosphorylation (activation) of FoxO3a decreased with 4-h H 2 O 2 treatment, but it was not altered with prolonged exposure (Fig. 3B ). To . Inset: representative immunoblot of p-p38 MAPK, total p38 MAPK, and ␤-actin as loading reference. C: whole muscle homogenates were obtained from oxidative soleus muscles (black bars) and glycolytic white vastus lateralis muscles (gray bars) 24 h after ip injection of dexamethasone (Dex; 25 mg/kg body wt) and were assayed for relative phosphorylation of p38 (p-p38 MAPK). Inset: representative immunoblot of p-p38 MAPK, total p38 MAPK, and ␤-actin as loading reference. Values are n ϭ 6 and presented as means Ϯ SE. *Significantly different (P Ͻ 0.05) from muscle-matched control.
†Significantly different (P Ͻ 0.05) from soleus control.
ascertain the functional activity of NF-B and FoxO3-dependent transcriptional activation, we analyzed the transcriptional activity of NF-B and FoxO3 in cells transfected with NF-B and FoxO3 reporter genes, respectively. NFB reporter gene activity was not induced by either 4-or 12-h H 2 O 2 treatment, whereas FoxO3 reporter gene activity was only induced by H 2 O 2 treatment at 12 h (Fig. 3C) .
Hydrogen peroxide induces early transcriptional activation of genes involved in ubiquitin-proteasome-and autophagylysosome-mediated proteolysis in myotubes.
To further investigate oxidative stress-induced expression of genes that may be functionally involved in cachectic muscle wasting, we analyzed the gene expression of key components of atrophic signaling, including autophagy-related genes and atrogenes. The mRNA abundance of Atg7 increased with 4-h H 2 O 2 treatment, whereas mRNA abundances of the other autophagyrelated genes Bnip3, Bnip3L and Maplc3b were not increased by 4-or 12-h H 2 O 2 treatment (Fig. 4A) . The mRNA abundance of the E3 ubiquitin ligases MAFbx/Atrogin-1 and Nedd4 increased only with 4-h H 2 O 2 treatment, while MuRF-1 mRNA did not increase (Fig. 4B) . Consistent with enhanced ubiquitinproteasome-dependent protein degradation, myotube protein polyubiquitinylation increased 150% with 4-h H 2 O 2 treatment and 190% with 12-h H 2 O 2 treatment (Fig. 4C) .
Activity of p38␣/␤ MAPK is required for oxidant-induced expression of autophagy-related genes and myotube atrophy.
The finding that H 2 O 2 treatment induces concurrent activation of autophagy-related genes and the p38 MAPK pathway in the absence of activation of NFB or FoxO3 reporter genes prompted us to examine whether p38 MAPK mediates the induction of the autophagy-related genes in myotubes. We treated differentiated myotubes for 24 h with 25 M H 2 O 2 (28) and measured myotube diameter as an indicator of myotube atrophy. Myotube diameter decreased by 28% with H 2 O 2 treatment, which appears to be mainly via autophagy-related proteolysis, because administration of the pharmacological autophagy inhibitor concanamycin A (ConC-A) prevented ϳ65% of this atrophy versus the approximate 26% prevented by MG-132 (pharmacological proteasome inhibitor). Inhibition of p38␣/␤ MAPK activity by SB202190 or SB203580 compounds (10 M) profoundly prevented the myotube atrophy induced by H 2 O 2 treatment (Fig. 5A) . Western blot analysis showed attenuated p38 phosphorylation with SB inhibitor administration (data not shown) as previously described (10) . However, SB inhibitors (including SB202190) may bind to the ATP pocket of p38 to reversibly block its intrinsic ATPase activity without affecting p38 phosphorylation (8, 23) ; therefore, this decrease may not be solely attributed to the SB administration. The induction of the ubiquitin ligases MAFbx/ Atrogin-1 and Nedd4 as well as the autophagy-related protein Atg7 was also prevented by SB202190 (Fig. 5B) .
DISCUSSION
A number of new findings emerged from this study. First, we demonstrated that endotoxin challenge in vivo induced p38 activation in both glycolytic and oxidative skeletal muscles along with induced expression of a number of autophagy- related genes during the initiation of cachectic muscle wasting. These findings suggest the possibility that the p38 MAPK pathways play a regulatory role in the autophagy-lysosomal proteolytic function in atrophying skeletal muscle. Second, oxidative stress-induced expression of an autophagy-related gene (Atg7) in the autophagy-lysosomal proteolytic pathway and the E3 ligases (MAFbx/Atrogin-1 and Nedd4) in the ubiquitin-proteasome proteolytic pathway is temporally associated with activation of the p38 MAPK pathway, independent of NF-B and FoxO-dependent transcriptional activation in culture muscle cells. Finally, we demonstrated that oxidant mediated-myotube muscle wasting involving transcriptional upregulation of atrogenes and autophagy-related genes can be potently blocked by inhibitors specific for the p38␣/␤ MAPK pathway. These findings provide direct evidence for the functional role of the p38␣/␤ MAPK pathway in mediating oxidative stress to autophagy-lysosomal protein degradation in cachectic muscle wasting.
Oxidative stress is an initial signal and a key contributor to the development of skeletal muscle proteolysis and atrophy (35) . Several key atrophic signaling cascades have been defined in skeletal muscle, including protease activation (28) , repression of the insulin and/or IGF-I activation of the serine/ threonine protein kinase B (PKB/Akt) (reviewed in Ref. 20) , and activation of FoxO or NF-B (6, 14, 46) . The p38 MAPK pathway has been implicated in mediating oxidative stress- induced atrophy process (18, 25) . Our findings in this study that cachectic stimuli causes increased 4-HNE protein modification in both glycolytic and oxidative muscles concurrent with p38 MAPK activation and enhanced autophagy-related gene expression suggest the possible link between oxidative stress and the autophagy-lysosome system-mediated proteolysis through the p38 MAPK pathway.
It is worth noting that the changes in 4-HNE protein modification, p38 phosphorylation, and autophagy-related gene expression all demonstrated similar trends. These parameters were low in the glycolytic muscles to begin with and showed more dramatic increases following endotoxin challenge compared with oxidative muscles (Figs. 1 and 2 ). These findings are consistent with some of our recent studies where we have shown that oxidative myofibers are more resistant to cachectic stimuli, such as LPS and tumor necrosis factor-␣ (24) , and that the potential mechanisms for the inherent oxidative phenotypeassociated resistance to cachectic stimuli include decreased free radical burden due to increased antioxidant expression and attenuated ubiquitin ligase gene expression (48) . Altogether, these observations support the notion that the p38 MAPKs serve as an oxidative stress sensor in skeletal muscle.
Few previously published studies have examined the role of p38 MAPK in cachectic skeletal muscle wasting. One study in particular, by Jin and Li (18) , expanding on previous in vitro work (25) , revealed that p38 is a signaling regulator of MAFbx/ Atrogin-1 and MuRF-1 ubiquitin ligase gene expression independent of the Akt and NF-B pathways. A more recent study has also shown that activation of the p38 MAPK-atrogene transcription is independent of Akt/FoxO signaling axis (47) . Our data both confirm and expand these findings and support the concept that p38 MAPK is a key contributor to proteolytic degradation and atrophy in response to cachectic stimuli. In agreement with the in vivo findings, treatment of mature murine C2C12 myotubes with relatively low doses of hydrogen peroxide (25 M) resulted in a rapid phosphorylation of p38, in agreement with our overall hypothesis, and stimulated the "next-step" analysis of atrogene and autophagy-related gene expression in atrophying myotubes. Activation of the p38 MAPK pathway in vitro occurs at a time (4 h) before FoxO3a and NF-B are being transcriptionally activated (Fig. 3) . More importantly, oxidant treatment induces both autophagy-related gene (Atg7) and atrogene expression (MAFbx/Atrogin-1 and Nedd4) at the same time point. The temporal induction of signaling pathways and gene transcription lend credence to the concept that p38 MAPK may preferentially regulate atrogene and autophagy-related gene expression, at least initially, during cachexia-induced muscle wasting.
An important question is how much the p38 MAPK contributes to cachetic muscle wasting. In cultured cells, the relative contribution of the ubiquitin-proteasome system to myotube proteolysis in atrophying myotubes may be as low as 20% (50) depending on the type of atrophic stimulus. Specifically, myotube atrophy that relies heavily on the activation of FoxO transcription factors may utilize autophagy preferentially as a means for cellular proteolysis (27, 50) . Here, we show that inhibition of the p38 MAPK by SB202190 profoundly blocked oxidative stress-induced muscle atrophy, providing functional evidence of the p38 MAPK in cachectic muscle wasting. In addition, SB202190 treatment attenuated MAFbx/Atrogin-1, Nedd4, and Atg7 mRNA expression, strongly supporting a link between the activity of p38 MAPK and the early transcriptional induction of both atrogene and autophagy-related genes in cachectic muscle wasting.
The p38 MAPK belongs to a complex MAPK family, which includes four subclasses, including ERKs, JNK/SAPK, ERK5/ MAPK1 (BMK1), and p38 MAPK (32) . During the revision of this article, research was published outlining a specific role for the JNK subclass of MAPK in the regulation of endotoxininduced diaphragm dysfunction and wasting (44) , lending credence to the potential contribution of this convoluted family of signaling proteins in the regulation of catabolism in skeletal muscle. The p38 MAPK subclass has four isoforms, p38␣, p38␤, p38␥, and p38␦, that share roughly 60% sequence homology (17) . While p38␣ and p38␤ are expressed ubiquitously (16), p38␥ is expressed primarily in skeletal muscle (22, 26) and p38␦ is expressed in non-skeletal muscle tissues (21) . These proteins have been shown to be involved in inflammation, cell growth and myogenic differentiation, cell cycle regulation, cell death, glucose metabolism, and energy expenditure (16, 31, 36, 49) .
Other than the previous studies in which p38 MAPK was implicated in mediating oxidative stress-induced muscle atrophy (25) , the precise functional role of p38 MAPK in cachectic muscle wasting remains to be fully defined. Interestingly, contractile activity activates this pathway in skeletal muscle and promotes skeletal muscle mitochondrial biogenesis (1, 3, 4, 15) , whereas various other stresses also activate this pathway (11, 25, 32, 34) . A recent publication showed that p38 inhibition triggers autophagy-related gene expression via AMPKFoxO3 axis in colorectal cancer cells (7) . All these findings demonstrate the complexity of the p38 MAPK signaling system in mammalian cells. Our data concerning the effect of SB202190, a pyridinyl imidazole derivative that has been reported to have primary inhibitory effects against the ubiquitously expressed p38␣ and p38␤ isoforms (12, 13) , support the notion that p38␣/␤ MAPK is functionally involved in skeletal muscle atrophic process. Together with previous findings that exercise-induced activation of p38 MAPK promotes mitochondrial biogenesis, it is entirely possible that different p38 isoforms play distinct functions in skeletal muscle in response to physiological and pathological stress signals.
In summary, cachectic skeletal muscle wasting is a complex process that occurs as a consequence of numerous pathological conditions and diseases. Despite skeletal muscle's widespread susceptibility to cachectic muscle wasting and its importance in predicting the morbidity and mortality in patients, the underlying mechanisms remain unclear. These studies were undertaken to provide evidence for a critical role of p38 signaling in the progression of cachectic muscle wasting. Our findings demonstrate that cachectic stimuli result in increased phosphorylation of p38 in vivo and in vitro. This p38 activation occurs in a manner consistent with an initial regulation of both ubiquitin ligases in the ubiquitin-proteasome system-mediated muscle proteolysis and autophagy-related genes in the autophagy-lysosome system-mediated muscle proteolysis. Inhibition of p38 MAPK activity attenuates myotube atrophy in vitro with attenuated ubiquitin ligase and autophagy-related gene expression. Although the increase in autophagy-related genes may not directly match the absolute level of p38 phosphorylation, we contend that the absolute level of p38 phosphorylation may not be linear with its function among different muscles. On the basis of these findings, we propose a model in which oxidative stress-induced p38 MAPK activation initiates and participates in cachectic muscle wasting through both the ubiquitin-proteasome-and the autophagy-lysosome-dependent proteolytic mechanisms.
